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BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The present invention provides a three-axis magnetic bearing utilizing a permanent 
magnet to generate the bias flux and wherein the magnets are mounted to the face of the 
pole stack. 


2. Description of the Prior Art 

Copending application Serial No. 09/865,015 filed May 23, 2001, invented by the 
q inventor of the instant application, discloses and claims a magnetic thrust bearing using a 

6 

SI single coil and linear amplifier and a single thrust desk. The design set forth in the 

H 

W1 copending application does not utih*r permanent magnets, and more specifically, axial ly 

SI 

^ magnetized permanent magnets that are not attached to the rotor, for reduced cost and 

Q 

l|j simplified construction when compared to existing thrust bearings. 

w 

p Although the design set forth in the copending application provides significant 

A 

ry advantages over the prior art designs described therein, it is desirable to provide a magnetic 

bearing wherein magnetized permanent magnetic members are utilized to provide the 
magnetic field for both the radial and axial axes to allow for radial and axial shaft position 
control. However, the system set forth in the copending application does not allow for 
active radial position control. Current techniques for manufacturing magnetic bearings 
using radial magnetized permanent magnets require costly and difficult assembly and 
alignment procedures. 

What is desired therefore is to provide a magnetic bearing that utilizes axially 
magnetized permanent magnets wherein the fabrication, assembly and installation of the 


2 


permanent magnets to the stationary stator is accomplished in a simple and inexpensive 


S 


manner. 


SUMMARY OF THE PRESENT INVENTION 
The present invention provides an improved magnetic bearing that uses permanent 
magnets to provide the bias flux with electromagnetic coils providing the control flux, bias 
flux being a constant magnetic flux which energizes the bearing airgaps. The control 
magnetic flux adds flux from one pole and subtracts flux from the opposite axis pole to 
produce a net force on a target piece located on the bearing shaft. Bias magnetic field is 


Q present to allow for linear control of force using the control input current, the input current 

n 

l|| being converted to magnetic flux by the control electromagnets in the magnetic bearing. 

N 

rU Providing bias magnetic flux using permanent magnets reduces the required bearing input 

jjj power (by eliminating a bias electromagnet) and provides a highly linear magnetic bias 

p| field in the airgap throughout the bearing radial and axial airgaps. The magnetic circuits 

f| 

j|| generating the control and bias fluxes are substantially non-coincident but share a path over 

some portions that include radial and axial airgaps, allowing for a low reluctance, efficient 
path for the electromagnetic flux. The flux paths of the permanent magnets are completely 
defined with minimized airgaps for achieving higher forces, small size and minimum cost. 
The non-coincident control flux path allows for very low control currents to produce 
extremely large forces very efficiently. A single coil and amplifier for control of the axial 
force and two coils with one associated amplifier for each radial axis of control provides 
simplicity and cost effectiveness. A single target disk is util : zed and is reacted against for 
both radial and axial forces. Radially magnetized permanent magnets are not required and 
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permanent magnets are not attached to the rotor. The permanent magnets used in the 
present invention are first fabricated and then axially magnetized as square segments or as 
a ring prior to being mounted on the sides of the stator central pole, providing an effective 
and inexpensive technique for manufacturing magnetic bearings. 


Q 

m 


DESCRIPTION OF THE DRAWING 
For a better understanding of the present invention as well as other objects and 
further features thereof, reference is made to the following description which is to be read in 
conjunction with the accompanying drawing therein: 


a 

m Figure 1 is a partial, sectional perspective view of a magnetic bearing embodying 

m 

III the invention; 

SI 

m Figure 2 is an enlarged fragmented sectional view of the magnetic bearing shown in 


Figure 1 illustrating the axial control magnetic flux path and the bias magnetic path in that 
plane; 

6 

Figure 3 is a reduced sectional elevational view of the magnetic bearing shown in 
Figure 2 illustrating the radial control magnetic flux path and the portion of the bias 
magnetic path in that plane. 

Figure 4 illustrates an alternate version of the magnetic bearing using three poles; 

Figures 5 and 6 illustrate an alternate version of the magnetic bearing without the 
axial control coil and with one axial pole; and 

Figures 7-9 illustrate another version of the magnetic bearing without the radial 
control coil and distinct poles. 
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DESCRIPTION OF THE INVENTION 
The following sets forth the general operating principles of a magnetic thrust 
bearing of the type disclosed in U.S. Patent No. 5,514,924 to place the present invention in 
proper perspective. The teachings of the '924 patent and copending application Serial No. 
09/865015 necessary for an understanding of the present invention is incorporated herein 
by reference. 

Referring now to Figures 1-3, the magnetic flux 40 generated by the permanent 
magnets 28 and 30 in the magnetic thrust bearing 10 of the present invention is directed 
q axially through axial air gaps 42 and 44 to provide axial magnetic flux coupling of the shaft 

o 

\\ 14 to the stator assembly 11. Similarly, the magnetic flux 40 is then directed radially 

m 

ill through the radial airgaps to provide radial magnetic flux coupling of the rotor disk 1 to the 

stator assembly 11. The rotor disk 1 is mechanically attached to the shaft 14 to effectively 


ft! 


transmit forces applied to disk 1 to the shaft 14. 
j*j The active radial control electromagnet coils 26 positioned on the radial pole 

s 

III assembly 16 and about shaft 14 are controlled by a servo circuit (not shown) to produce a 

high stiffness restoring force that keeps the shaft 14 precisely centered radially between the 
radial pole assembly 16. The electromagnet coils 26 generate a radially polarized, 
controllable electromagnetic field 106. 

The active axial control electromagnetic coil ring 22 positioned in the stator 
assembly radially outward of the radial pole assembly 16 and about the shaft 14 is 
controlled by a servo circuit (not shown) to produce a high stiffness restoring force that 
keeps the shaft 14 precisely centered axially relative to the opposite ends of the axial stator 
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poles, 18 and 20. The electromagnetic coil 22 generates an axially polarized, controllable 
electromagnetic field 24. 

An X-axis position sensor 50 and a Y-axis position sensor 52 are provided for 
sensing, respectively, X and Y-axis displacement of the shaft 14 relative to the stator 
assembly 11. The purpose of the sensors is to detect movement of the shaft 14 radially 
from its optimal centered position. When the position sensors detect an eccentricity of the 
shaft 14, they generate electrical signals to a servo circuit which, upon receipt of such input 
signals, provides a restoring force by generating a signal to the active control 
j^j electromagnets 26 in such a manner so as to reposition the shaft 14 in its optimal centered 

o 

\j position. When Z-axis position sensor 54 detects displacement of the shaft 14 along the Z- 

m 

IJI axis, it causes generation of electrical input signals to the servo circuit which, upon receipt 

S! 

W of such input signals, provides a restoring force by generating a signal to the active control 


III 
B 


electromagnet coil ring 22 in such a manner so as to reposition the shaft 14 in its optimal 
axial position. 

n 

nj With the foregoing basic construction of the magnetic bearing 10 set forth, the 

function thereof will now be described in greater detail. The permanent magnet segments 
28 and 30 (only one of a plurality of segments are illustrated) generate a magnetic field 
having a magnetic flux path illustrated by the arrows having a reference number 40 as set 
forth hereinabove. These paths have minimum airgaps for the magnetic flux to cross to 
minimize their size and cost. The permanent magnets generate a relatively constant, high 
density magnetic flux which is used by both the radial and axial (thrust) axes for the bias 
field. This bias field is typically set at half the maximum magnetic field to allow 
achievement of maximum force capacity for each axis of the bearing for support of the 
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shaft 14 to suspend or levitate the shaft within the stator assembly, or housing, 11. This 
maximum force is realized when the control field is combined with the bias field to result 
in the maximum field on one pole of an axis, and on the opposite pole of the same axis is 
combined to result in a net zero field. 

The radial axes X and Y are controlled by adding current to the axes coils 26 to 
produce a magnetic flux. The radial axes 16 poles are constructed using thin electrical steel 
layers, called laminations, bonded together to minimize stator losses and maximize axis 
response for high frequency. For two axes of control, four stator poles 16 are needed (two 

poles per axis). The rotor disk 1 does not have poles, and is a continuous, smooth surface 

O 

*v| for the radial stator pole assembly 16 to act against when it is spinning. The two stator 

m 

111 poles 16 for an axis are opposing each other to form the appropriate magnetic field path. 

SI 

111 This radial control field 106, shown in Figure 3 for one of these radial axes, flows from 

V. 

j|j upper stator radial pole 16 (illustrated by reference numeral 101 for clarity) through air gap 

11! 

JSj 102, through the rotor target 1, through the opposite pole air gap 103, into the opposite, or 

n 

III lower, radial stator pole 107, and returns via the stator back irons 104 and 105. This path is 

very low reluctance to minimize the coil current required and input power, the only path 
location that is not low reluctance iron being the opening air gaps 102 and 103. With the 
addition of the bias field 40 in the radial axes air gaps, it can be seen that the radial control 
field 106 adds to this magnetic field in gap 102 and reduces the magnetic field in gap 103 
on the rotor target 1 to apply a controlled force to the rotor target 1 . Critical to the efficient 
operation is the fact that the coil flux is not required to pass through the high reluctance 
permanent magnet segments 28 and 30, minimizing the required current to produce force. 
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An alternate construction for the radial pole is shown in Figure 4 and uses three 
distinct radial poles 108, 109 and 1 10 for controlling the two radial axes (note that the same 
reference numeral identifies identical components in each of the figures). These axes, 
instead of being controlled in a Cartesian coordinate system, are controlled in a polar 
coordinate system using angular position and radial displacement. While affecting the 
radial axes control and the radial pole construction, this arrangement does not affect the 
axial pole system and its control, or the permanent magnet bias system and its construction. 
Using a rotational position sensor, such as an optical encoder, and a set of radial position 
□ sensors, a polar coordinate controller can provide radial position control. This system, 

6 

SI although having more difficulty in acquiring and estimating angular position and radial 

00 

W displacement, offers the advantage of using a three phase current driver that is typically 

\l 

^ used for motor current driving applications, reducing the amplifiers required for the radial 

13 

III axes from two (X and Y) to one. 

ill 

p Referring back to the system operation described with reference to Figures 1-3, the 

5 

j|! axial axis is controlled by adding current to the axial coil 22 to produce magnetic flux 24. 

The axial poles 18 and 20 are constructed using solid electrical steel. This axis typically 
does not require high frequency force response, with solid machined steel minimizing 
construction costs. For one axis of control, two stator poles 18 and 20 are used. The rotor 
1 does not have poles, and is a continuous, smooth surface for the axial stator poles 18 and 
20 to act against when it is spinning. The two stator polrs 18 and 20 for an axis are 
opposing each other to form the appropriate magnetic field path. This flux path 24, shown 
in Figure 2, flows from one axial pole 18, through the air gap 44, through the rotor disk 1, 
through the air gap 42, into the opposite axial pole 20, and returns via the stator axial iron 
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path 11. This path is very low reluctance to minimize the coil current required and input 
power, as the only path location that is not low reluctance iron is the operating air gaps 42 
and 44. With the addition of the bias field 40 in the axial axis air gap 42 and 44, it can be 
seen that the axial control field 24 adds to this magnetic field in one gap 44, and reduces 
the magnetic field in the opposite air gap 42, thereby producing a net difference in the field, 
and consequently force, on the rotor target 1 to apply a controlled force to the rotor disk 1 . 
Critical to the efficient operation is the fact that the coil flux 24 is not required to pass 
through the high reluctance permanent magnet 28 and 30, minimizing the required current 

1*1 to produce force. 

5 

C| The magnetic bearing 10 of the present invention is thus controlled by a three-axis 

OS 

II! servo control system which utilizes two position sensors to detect radial displacement of 

SI 

W the shaft 14 and one additional sensor to detect axial displacement. 


In use, the magnetic field generated by the permanent magnets tend to cause the 


S 
III 
III 

shaft 14 to displace from a true centered position and into engagement with the rotor target 


j|l 1. Such displacement is sensed by the X-axis and Y-axis position sensors which provide 

input to a servo circuit. The servo circuit selectively controls electrical current to the active 
control electromagnet coils 26 to position the rotor target 1 in essence providing a positive 
gradient which keeps the shaft 14 in a true radially centered position. Thus, a high density 
magnetic field is produced through the radial air gaps, which produces a radial force system 
which is metastable when the shaft 14 is centered within housing 1 1 . 

Similarly, the magnetic field generated by the permanent magnets also tend to cause 
the shaft 14 to displace from a true axially centered position and cause the rotor target 1 to 
move into engagement with axial stator polesl8 or 20. Such displacement is sensed by the 
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Z-axis position sensor 54 which provides input to the servo circuit. The servo circuit 
selectively controls electrical current to the active control electromagnet coil 22 in order to 
provide a positive gradient which keeps the rotor target i properly spaced from the axial 
stator poles 18 or 20, thus centering the shaft 14. Thus, a high density magnetic field is 
produced through the axial air gaps, which produces an axial force system which is 
metastable when the rotor target 1 is equidistantly spaced from opposite ends of the axial 
stator pole. 

The permanent magnets provide a high density magnetic field through both the 
radial air gap and the axial air gap, which is necessary to support the shaft 14 in a levitated 
or suspended position within the housing 11. The active control electromagnet coils 22 and 
26 provide for stabilization of the shaft 14 resulting in an efficient bearing structure. 

Figures 1-3 show a preferred configuration of the magnetic bearing 10 of the 
present invention. A target assembly 1 is attached to the shaft 14 and is acted upon by a 
radial set of poles 16 and two opposed axial set of ferrous poles 18 and 20. A single coil 
22 provides the axial control flux indicated by reference arrow 24, while four coils (a single 
coil 26 is illustrated) provide the radial control flux. Each two opposing radial coils act 
together to result in a net force applied in the radial direction to the target assembly. Two 
axially magnetized permanent magnet members, 28 and 30, provide the bias flux for all 
axial and radial axes. The magnet 28 is preferably made of a plurality of magnetic 
segments as shown in Figure 3 and not a complete, or continuous, ring, mounted in a 
sequential, continuous manner to the stator pole structure 16. The yokes can also be 
segmented (note that permanent magnet 30 is also preferably segmented). 
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The permanent magnet segments 28' are first manufactured as extruded or sintered 
blocks of magnetic material and then cut to the desired dimension, with square segments 
optimizing the utilization of the material for minimum cost. These segments are then 
ground as a group to the final dimension, magnetized and bonded, using adhesive, to the 
stator pole assembly 16. This simple use of square segments to form an effective ring of 
axially magnetized material to provide the bias flux significantly reduces assembly time, 
complexity, and cost over radially magnetized pieces. Tolerances are difficult to hold for 
permanent magnet material if the segments are ground. By eliminating the segments from 
the radial alignment path, tolerances in manufacturing can be reduced. The use of 
individual and separate square segments 28 (the segment face 28 shown in Figure 1 is 
square shaped), as opposed to an segment formed in an arc from multiple square segments 
bonded together and machined, reduces cost and eases assembly. A grinder is then utilized 
to grind the sections to a desired size and the sized segments are then finally cut to the 
predetermined segment size and shape and then magnetized. The segments are then affixed 
to the side face of the stator poles during assembly using adhesive. Manufacturing the 
segments prior to magnetization enables the overall magnetic thrust bearing manufacturing 
process to be substantially reduced in cost. As noted above, continuous rings, initially 
unmagnetized, can be used for the permanent magnets 28 and 30. 

The present invention also contemplates further alternative configurations that 
utilize the core axial permanent magnet segments 28 and 30. One such version provides 
active radial position control and passive, one direction axial force and is illustrated in 
Figures 5 and 6. This version utilizes the same permanent magnet construction and the 
same radial pole and coil construction described above, but without the axial control coil 
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and with one axial pole 20. The permanent magnet bias path 120 would pass from the 
axial stator pole 20, through the air gap 121 to the rotor target 1, through the radial air gap 
122 to the radial stator pole 16 and back to the magnets 28 and 30. With the one axial 
stator pole 20 providing the permanent magnet bias field 120, a high axial force on the 
rotor disk 1 is produced. This force would be constant in one direction and could not be 
increased or decreased. The radial axes would operate as described in the configuration 
shown in Figures 1-3. A two axis controller is required to control the radial axes. This 
type of system is useful in applications that had known axial loads that were constant, such 
as expanders, compressors, and flywheels. 

Another version of the present invention that provides active axial control and no 
radial control is shown in Figures 7-9. This version utilizes the same permanent magnet 
construction and the same axial pole and coil construction described in the configuration 
shown in Figures 1-3 but without the radial control coil and the distinct poles. The 
permanent magnet bias path 40 passes through the axial poles 18 and 20, through the axial 
airgaps 44 and 42 into the rotor target 130, and radially out through the radial air gap 13 1 to 
the radial ring 132. The radial ring 132 and rotor target 130 are constructed of solid 
electrical steel in the form of a continuous ring. The axial axis would operate as described 
in the embodiment disclosed in Figures 1-3. This construction provides an active axial 
bearing only, while offering the benefits of axial permanent magnet bias for losw cost and 
simple construction. A one axis controller is required to control the axial axis. This type of 
system would be useful in applications that had large axial loads that were disproportionate 
to the radial loads, such as expanders, compressors and turbines. 
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While the invention has been described with reference to its preferred 
embodiments, it will be understood by those skilled in the art that various changes may be 
made and equivalents may be substituted for elements thereof without departing from the 
true spirit and scope of the invention. In addition, many modifications may be made to 
adapt a particular situation or material to the teachings of the invention without departing 
from its essential teachings. 
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